Glucose kinase has a regulatory role in carbon catabolite repression in Streptomyces coelicolor. Kwakman, J.H.J.M.; Postma, P.W. 
Streptomycetes are prokaryotic mycelial soil organisms with a complex life cycle in which the bacteria can go through different morphological stages. When the bacteria enter stationary phase, they start to produce a variety of metabolites which are not used for creating biomass. These secondary metabolites possess a large spectrum of biological activities (e.g., antibiotic, immunosuppressant, and insecticidal), which makes these organisms interesting both industrially and scientifically. During the last three decades, research has focused mainly on the production of secondary metabolites and their biosynthetic pathways in a vast number of distantly related streptomycetes. This has led to scattered knowledge about metabolism and its regulation in these organisms. One of the aims of this project is to investigate in more detail the process of catabolite repression in the genetically most-characterized streptomycete, Streptomyces coelicolor A3 (2) .
Catabolite repression is a widespread phenomenon in nature which can be defined as the repression of enzyme activities by the presence of a catabolite in the growth medium. Although this can be any catabolite, most interest has focused on the mechanism of glucose repression. Organisms used for such studies are the yeast Saccharomyces cerevisiae and several gram-negative (Escherichia coli, Klebsiella pneumoniae, and Salmonella typhimurium) and gram-positive (Bacillus subtilis and S. coelicolor) bacteria, and they seem to have different mechanisms for glucose repression.
In S. coelicolor an enzyme responsible for phosphorylation of glucose seems to play a central role in glucose repression both at the level of transcription and at the level of inducer exclusion. This was concluded from the lack of glucose repression in 2-deoxyglucose-resistant strains which lacked glucose kinase activity (2, 5, 8, 11, 18) . Most of the mutants had lost the ability to grow on glucose as a sole source of carbon (8) . A fragment of 2.9 kb that complemented the growth defect on glucose was cloned (11) Chemicals. Apramycin (Apralan) was obtained from the A.U.V., Cuyk, The Netherlands, and thiostrepton was obtained from Sigma. Bacteriological agar from Difco was used as the agar source.
RESULTS
Catabolite repression. One of the few known genes which is regulated by catabolite repression in S. coelicolor is the gene encoding glycerol kinase (18) . In previous studies (18) , the level of induction and repression of glycerol kinase activity reached a plateau about 8 h after induction had started, and under our conditions we observed similar behavior of the enzyme (Fig. 1A) . Since the level of repression of glycerol kinase remained constant after 8 to 24 hours of growth, we chose to sample the cultures after 16 h of growth, which corresponded to the end of exponential phase. The induction of glycerol kinase was repressed about 2-to 10-fold by five different carbon sources tested in wild-type S. coelicolor (Fig.  1B) . In 10 independent experiments the level of repression of glycerol kinase activity by glucose or arabinose varied about 10%.
The second reporter, agarase, is an extracellular enzyme which breaks down the agar into disaccharides (5) . Activity of the enzyme results in a clear halo around a colony or mycelial spot, which can be visualized by iodine staining, so if a set amount of spores is spotted and the haloes are scored at a fixed time point (72 h after spotting), this phenotype can be used as a rough indication of catabolite repression. Many carbohydrates (glucose, galactose, mannitol, xylitol, and arabinose) and tricarboxylic acid cycle intermediates (malate, citrate, and succinate) caused repression of agarase activity (Fig. 2) . Al- though it has been reported that disaccharides containing glucose can repress glycerol kinase activity in submerged cultures (11) b Agarase activity was scored on MM agar plates as shown in Fig. 2 . A strain was scored as derepressed for agarase ( -) on the indicated carbon source when the halo was the same as or larger than that on the control plate (agar). Agarase repression (+) by a carbon source was scored only when the halo was much smaller than that on the control plate (agar).
c Growth on the indicated catabolite as a sole carbon source was assayed by replica plating well-sporulating colonies from rich medium (R5) to synthetic plates (ludox HS40). - [10] ) and introduced into the wild-type strain S. coelicolor M145 by transformation. Although the copy number of this type of vector has been estimated to be around 50, the glucose kinase activity was measured to be only 10-fold higher (1.4 Fmol/min x mg of protein) than that of wild-type M145 (0.15 ,umol/min x mg of protein).
Overexpression of glucose kinase resulted in normal induction of agarase activity (Fig. 2) in the presence of all carbohydrates tested (even on glucose), which is virtually the same phenotype as in the glkA mutant. Only Krebs cycle intermediates (succinate, malate, and citrate), glutamate, and xylitol showed some degree of repression.
DISCUSSION
Carbon catabolite repression can be exerted by many compounds, which are metabolized via different routes. In spite of their biochemical diversity, the presence of these molecules in the growth medium can lead to a decrease in the specific activities of enzymes which are involved in catabolism of other carbon sources. Although this repression can potentially be performed at all levels of expression (e.g., transcription, RNA processing, translation, and protein modification), the cells must contain a component(s) which can sense the presence of such repressing compounds in the growth medium, giving rise to a signal which eventually results in repression of the enzyme activity (e.g., inducer exclusion, transcriptional repression, or protein breakdown).
Proteins involved in phosphorylation of glucose are often regulators of catabolism of certain carbon (energy) sources. Well known is the bacterial phosphoenolpyruvate:glucose phosphotransferase system, in which one of the proteins in the glucose phosphorelay, IIAG"C, regulates the expression of genes by activation of adenylate cyclase or by inhibiting uptake of a carbon source, resulting in exclusion of the inducing compound (15) . In this particular case, the ratio between the phosphorylated and the unphosphorylated forms of IIAGiC determines whether catabolic genes are transcribed, resulting in fine-tuned expression in response to environmental stimuli. Mutations in IIAGic give rise to strains which are catabolite repression resistant. In the yeast S. cerevisiae there are three proteins which are responsible for phosphorylation of glucose, i.e., hexokinase PI, hexokinase PII, and glucose kinase. It has been known for a long time that deletion of hexokinase Pll results in a loss of catabolite repression and that this function can be taken over by the structurally related (75% identical) hexokinase PI when overexpressed (16, 21) . Because glucose kinase overexpression in S. cerevisiae cannot suppress loss of catabolite repression in a PI/Pll null mutant, it cannot simply be the glucose flux which is regulating catabolite repression.
Instead, it has been suggested that the hexokinase PI and Pll proteins themselves play a role in gene regulation (7) .
In the bacterium S. coelicolor, two enzymes are responsible for glucose phosphorylation. The enzyme which is normally active, the gene product of glkA, is an ATP-dependent glucose kinase (8, 11) . This protein has been suggested to play a role in catabolite repression, since deletion mutants were defective in glucose repression of glycerol kinase (18) and agarase (5) . Since catabolite repression studies with the deletion mutants were performed with glucose as the repressing carbon source, a simple explanation could be the absence of a glucose flux through the enzyme glucose kinase. The activities of the enzymes glycerol kinase and agarase, however, were also shown to be repressed by several other carbon sources (5, 18) , and in this paper we show that this repression by other carbon sources was relieved in the absence of glucose kinase. Since these carbon sources are not catabolized via glucose kinase, this observation leads to the conclusion that, like in the yeast system, it is most likely the protein itself rather than the flux through it which is involved in catabolite repression. Furthermore, a strain in which glucose kinase was overexpressed had the same phenotype as the glucose kinase mutant, i.e., no catabolite repression (Fig. 2) . This observation raises the possibility that glucose kinase in mutant KJ3 could be catalytically inactive but still possess its regulatory function. This regulatory function could be lost by a second mutation, which causes overexpression of the protein. It is very unlikely, however, that these two types of mutations occurred simultaneously in the three independent glucose kinase mutants we tested. The results we obtained are in agreement with a soon-to-be-published report (1) in which the authors describe the induction of a second glucose-phosphorylating activity in a glkA deletion mutant. The presence of this new glucose kinase, however, was not sufficient to restore glucose repression of agarase transcription. In addition, those authors introduced a heterologous glucose kinase from Zymomonas mobilis in a g1kA deletion mutant, and although the kinase activity was similar to that in wild-type S. coelicolor, it again did not restore glucose repression. This argues against a role for the glucose flux through glycolysis in carbon catabolite repression. A better explanation would be that a signal is generated in the presence of a repressing carbon source, which introduces a conformational change in glucose kinase (glkA gene), analogous to the response of the yeast hexokinase to binding of ATP or glucose (4, 9, 13) . These putative effectors must be molecules whose concentrations can vary considerably depending on the carbon source and which have affinity for glucose kinase (glk,A gene).
Candidates are therefore glycolytic intermediates such as glucose, glucose-6-phosphate, fructose-1,6-bisphosphate, and nucleotides involved in maintenance of the energy balance (ATP, ADP, AMP). Repression could be achieved by direct binding of the modified glucose kinase to promoter regions of operons which are sensitive to catabolite repression. Excess glucose kinase could compete with the modified glucose kinase for the DNA-binding sites, thereby relieving repression. Another possibility is that the modified form of glucose kinase can form a repressor complex by binding a second protein. The loss of repression by overexpression of glucose kinase could then be explained by competition for this factor with unmodified glucose kinase, which does not form a repressor complex. This repressor complex can in turn directly interact with enzymes like glycerol kinase, thereby inhibiting its function, or it can bind to regulatory DNA sequences and function at the level of transcription. The protein sequence of glucose kinase (2) shows homology to those of the repressors of the nag operon of E. coli (NagC) (14) and of the xyl operon of B. suibtilis (XylR) (12) . The N-terminal extensions of these proteins, which contain the DNA-binding motifs, are not present in glucose kinase. The homology probably reflects the sugar-binding capacity of the proteins. The lack of DNA-binding elements argues against the hypothesis that glucose kinase can repress transcription by binding DNA promoter regions. A model of repression via heterodimer formation is still possible, but it requires the assumption that unmodified glucose kinase has a higher affinity for the complexing factor as the repressing form of glucose kinase. In this model, the limiting factor would become the modification of glucose kinase, which could be induced by binding of a glycolytic metabolite.
The model which we propose for catabolite repression via glucose kinase in S. coelicolor is at this stage largely hypothetical. There are, however, numerous examples of concentrationdependent regulation of gene expression, and these usually invoke homo-or heterodimerization resulting in activating or repressing complexes. For enteric bacteria it has been shown that the regulatory protein IIAGIC, which is central in catabolite repression, forms stoichiometric complexes with several target proteins (15) . Examples in higher eukaryotes are transcriptional regulation by oncogenes in human cells (3, 6) and differential gene expression in the early development of Drosophila embryos (17) . Carbon catabolite repression also requires a fine-tuned mechanism of gene expression, and in the case of S. coelicolor it may turn out that apart from heterodimerization, homodimerization and covalent modifications of glucose kinase also take part in the regulation. The fact that glucose kinase not only plays a role in glucose repression but has a more general role in carbon catabolite repression is a good starting point for further research.
